ABSTRACT Laboratory experiments have shown that larvae of ectoparasitoids Brachinus explodens Duftschmid and Brachinus crepitans (L.) (Coleoptera: Carabidae) develop on pupae of spring breeding species of the genus Amara (Coleoptera: Carabidae). In this study, we investigated the synchronization of the critical stages of host and parasitoid in the Þeld. We simulated the development of both genera under Þeld conditions in spring 2003, combining 1) Þeld data (activity-density measured by pitfall traps and oviposition), 2) thermal constants for development (lower development threshold and sum of effective temperatures), and 3) meteorological data (average daily temperature at a depth of 2.5 cm). In early spring, adults of Amara oviposited in weedy areas, which provided plenty of seed with which to feed their larvae. Pupation was predicted to occur from June to early July. Brachinus adults arrived later than their hosts, and females started to oviposit when Amara larvae were just about to pupate, and Brachinus larvae hatched when Amara pupae became available. The synchronization of the critical stages of host and parasitoid observed in the Þeld strongly supports the existence of a hostÐparasitoid relationship between Amara pupae and Brachinus larvae.
Parasitoidism is uncommon life strategy in Coleoptera, so far being reported for Ϸ10 families, including Carabidae. Species of Brachinus (Coleoptera: Carabidae) are among the few carabid genera (together with Lebia, Lebistina, and Pelecium; Erwin 1979 ) with parasitoids habit. The Nearctic species of this genus mostly live on the shores of lakes or rivers and parasitize pupae of water beetles (Coleoptera: Dytiscidae, Gyrinidae, and Hydrophilidae) (Wickham 1893 , Erwin 1967 , Juliano 1985 . In contrast, many European species inhabit dry habitats such as Þelds or steppes (Hurka 1996) . Although the parasitic lifestyle of European species was proposed long ago (Jeannel 1942) , the hosts for their larvae were not known. Only recently, Saska and Honek (2004) successfully reared two dryland species, Brachinus explodens Duftschmid and Brachinus crepitans (L.), on the pupae of several species of another carabid genus, Amara, in the laboratory.
Coleopteran parasitoids are characterized by their mobile early larvae, which search for suitable host on their own (Eggleton and Belshaw 1993) . Because the length of time the larvae can spend searching is constrained by the resources available from the egg, the probability of timely host location increases with the proximity of the oviposition site to the host (Eggleton and Belshaw 1993) and timing of oviposition (Godfray 1994 ). The role of ovipositing female parasitoid in successful parasitation is therefore crucial. In Coleoptera, aggregation and oviposition at the host patch was reported for Aleochara spp. (Staphylinidae) (Tomlin et al. 1992) and Nearctic Brachinus spp. (Carabidae) (Wickham 1893 , Erwin 1967 , Juliano 1985 . The presence of hosts stimulated the egg laying behavior in females of Aleochara compared with the control host-free patch (Fournet et al. 2001) .
Using pitfall traps, we repeatedly observed higher activity-density of adult Brachinus in stands and at the times when spring breeding Amara species were abundant (A. Honek and P. Saska, unpublished data). Such co-occurrence suggested an aggregation of adult parasitoid in patches with high densities of hosts similar to other parasitoids, but whether the life cycles of both genera are synchronized is not known.
In this study, we investigated whether the critical stages of host and parasitoid, i.e., the pupae of Amara and the Þrst instar of Brachinus, are synchronized. We selected three species of Amara of which the pupae are suitable hosts for Brachinus larvae (Saska and Honek 2004, 2005) , and both Brachinus species that occur in the study plots. Because direct observation of Brachinus parasitism in the Þeld is difÞcult due to the small size of larva and its concealed lifestyle, we adopted a simulation approach to predict the synchrony of the critical stages of parasitoid with their hosts. We expected that adult Brachinus should arrive to patches of Amara before host pupation and oviposit immediately. Consequently, the larvae of Brachinus would hatch and start searching at the time when plenty of hosts, pupae of Amara, are available for parasitation.
Materials and Methods
Life History of Amara (Host). The three spring breeding Amara species included in this study, Amara aenea (DeGeer), Amara familiaris (Duftschmid), and Amara similata (Gyllenhal), overwinter as adults (Lindroth 1949) . In spring, they colonize patches of herbaceous plants, mostly weeds in crops or abandoned Þelds (Kokta 1988, Hawthorne and Hassall 1995 (Saska and Jarosik 2001) . The larval stage has three instars, the last of which pupates in a chamber in the upper soil layer (Saska and Jarosik 2001) .
Life History of Brachinus (Parasitoid). The adult Brachinus species, B. explodens Duftschmid and Brachinus crepitans (L.), overwinter aggregated (Wautier 1971) , often with other carabids (Jeannel 1942) . Eggs are laid on the soil surface (Saska and Honek 2004) . Larval development of Brachinus has three distinct behavioral phases that are not concurrent with the three instars. The searching phase is accomplished by the early Þrst instar. When the host is found, the late Þrst instar enters the feeding phase, which continues until the early third instar when host pupa is consumed. The late third instar larva passes through the nonfeeding resting phase and Þnally pupates inside the cell of the host pupa (Saska and Honek 2004) .
Seasonal Changes in Species Occurrence. Temporal changes in the activity of Amara and Brachinus were investigated during 2003 in an apple (Malus spp.) orchard, Praha-Ruzyne, Czech Republic. The tree rows (spaced 3 m apart) were separated alternately by grassy and cultivated strips, which were shallowlowed three times a year. Live pitfall traps (plastic cups 7 cm in diameter and 12 cm in depth, ßush with soil surface, equipped with a few lumps of soil, and covered by a metal 15-by 15-cm roof) were placed in a previously cultivated strip that was colonized naturally by dicotyledonous plants, mainly of the species (in decreasing order of abundance) S. media, C. bursapastoris, Taraxacum officinale (Wigg.), Veronica persica Poiret, and Thlaspi arvense L. All of these plants produced seed during the experimental period. Thirty traps spaced Ϸ1.5 m apart were placed along a linear transect situated in the middle of the strip. The traps were run from mid-April to mid-July. Average numbers per trap and day were counted independently for both sexes of the study species. Recorded individuals were immediately released in the study plot.
Oviposition. In 2003, the oviposition of Amara and Brachinus was recorded weekly, by using beetles collected in the apple orchard. Ten females of each species were kept individually in plastic petri dishes (10 cm in diameter, 1.5 cm in height), each containing a 1-cm-deep layer of moist sieved brown soil (orthic Luvisol) maintained at 20ЊC on a photoperiod of 16:8 (L:D) h for 7 d. Females were than removed, and the petri dishes were incubated in 25ЊC for another 7 d, which provided enough time for egg hatching (Saska and Honek 2003, 2005) and enabled easy collecting of larvae from soil. This procedure was adopted because Brachinus eggs are very small, attached to soil particles (Saska and Honek 2004) , and therefore difÞcult to Þnd. The proportion of females that oviposited in this environment was determined. For each carabid species, the maximum oviposition period, the time window when Ն70% of the tested females laid eggs, was established.
Predictions. The length of the developmental stages (egg, larva, and pupa) and the timing of the emergence of adults of the new generation were predicted for Amara and Brachinus species under Þeld conditions during 2003. Predictions were made with a linear regression of development rate on temperature (Jarosik et al. 2002 , Chown and Nicolson 2004 , Trudgill et al. 2005 and by calculating the lower development threshold (LDT) and sum of effective temperatures (SET) for the egg, larval, and pupal development of the studied species by using thermal constants (Saska and Honek 2003, 2005) .
The duration of development for the i-th stage and j-th species, D ij , was calculated by summing the day degrees (a positive difference between LDT ij , and the average hourly temperature, T h ) until the amount required, SET ij , was achieved:
T h was calculated as the mean of four temperature records at a depth of 2.5 cm, obtained from the meteorology station of the Research Institute of Crop Production, which is Ϸ100 m from the experimental plot (available at http://www.vurv.cz/meteo/). D ij is thus the time required to reach SET ij , and its duration is affected by temperature. The course of particular developmental stages was then predicted as explained in Table 1 . In our simulations, searching phase of the Þrst instar of Brachinus was omitted because it was independent of temperature (Saska and Honek 2005) . The observed and predicted occurrence of teneral adults in new generations of both genera were compared to validate the method used for predictions.
Synchronization of Parasitoid with Host. The following life history events were compared between Brachinus and Amara: 1) the timing of the arrival of adults to the Amara patches, 2) oviposition with the predicted development status of larvae or pupae, and 3) the predicted occurrence of hatchling larvae with the predicted presence of host pupae.
Results
Seasonal Changes in Species Occurrence. In 2003, overwintered adult spring breeding Amara were trapped from mid-April to mid-July (Fig. 1) . The dominant A. aenea was active throughout this period, whereas the activity of A. familiaris and A. similata peaked between late April and mid-May and between mid-May and late June, respectively. The activity of Amara was highest between late May and mid-June, and then it gradually decreased. In all species, phenology of males and females was correlated (r ϭ 0.65Ð 0.75, P Ͻ Ͻ 0.001). Contrary to the other two species in which both sexes were evenly present, females of A. similata predominated in the pitfall traps (68% of the total catch). Larvae were rarely found in the pitfall traps. Overwintering Brachinus adults (of which B. crepitans made up Ͻ0.1%) were trapped as late as early May (Fig. 1) . Their activity peaked in June when Amara activity was also at a maximum. Females and males were equally present at this time, whereas males were more common in the pitfall traps (65Ð 80% of the weekly Brachinus catch) before and after the peak in activity. In B. explodens, phenology of males and females was highly correlated (r ϭ 0.86, P Ͻ Ͻ 0.001); in. B. crepitans, it could not be compared due to few individuals found. In mid-July, adult Brachinus stopped their activity. No larvae of either Brachinus species were found in pitfall traps.
Prediction of Host and Parasitoid Development. The period of larval occurrence and pupation was predicted for each Amara species separately. In 2003, maximum oviposition of A. aenea occurred in late AprilÐmid-May, followed by A. familiaris (early to mid-May) and A. similata (mid-MayÐ early June) (Table 2). Summing day degrees indicated that the larvae of A. aenea and A. familiaris should start pupating at the beginning of June and that the pupae should occur mainly in the Þrst half of this month ( Table 2) . Larvae of A. similata were predicted to pupate from mid-June to early July ( Table 2 ). Pupae of various species of Amara would thus be available for parasitization from early June to early July (Table 2 ; Figs. 2 and 3) . According to these predictions, teneral adults should start emerging in early (A. familiaris and A. aenea) or mid-June (A. similata) ( Table 2 ), but they were captured 8 Ð11 d later than predicted by temperature summation ( Table 2 ). The predicted course of development combined for the Amara species studied is summarized in Fig. 2 .
Oviposition of both Brachinus species begins in late May (Table 2) . B. crepitans continued ovipositing through approximately the Þrst 10 d in June and B. explodens until July (Table 2) . Larvae were predicted to hatch and start searching for a host from early June until the end of the month (B. crepitans) or mid-July (B. explodens) ( Table 2) . Pupation should occur from the Þrst decade of June until early August (B. explodens), or from mid-June through mid-July (B. crepitans). Summing temperatures indicated that adults of the new generation were about to emerge from late (B. explodens) or end of June (B. crepitans) ( Table 2 ). The Þrst teneral adults of B. explodens were captured 11 d later than predicted by temperature summation; the end of predicted emergence extended beyond sampling period (Table 2; Fig. 2) . No teneral adults of B. crepitans were found in the study plots ( Table 2 ). The predicted course of development combined for both Brachinus species is summarized in Fig. 2 .
Synchronization of Parasitoid with Host. The Þrst Brachinus adults were trapped when Amara larvae were predicted to be developing (early May), and their activity-density rapidly increased when the Þrst Amara larvae were predicted to enter the prepupal phase (late May), reaching the peak in activity-density in June, when Amara pupation was predicted. Brachinus oviposited throughout the period of high activity-density, i.e., between the times when the Þrst Amara larvae were predicted to enter the prepupal phase and the time at which the last adult should emerge ( Table 2 ). The predictions show that early Brachinus larvae hatch when pupae of all three Amara species are already present in the soil (Fig. 3) . Thus, the combination of the Þeld data and predictions show that the phenologies of the parasitoid and host are synchronized. 
Discussion
The aim of our work was to test phenologies of spring breeding species of Amara and Brachinus for synchronization to provide support for the existence of a hostÐparasitoid relationship between these genera in the Þeld, so far established only in laboratory (Saska and Honek 2004) . A combination of Þeld observations and simulation showed that life cycles of both genera are synchronized. Parasitism of Amara pupae by Brachinus larvae is thus possible in the Þeld under the climatic conditions of central Europe.
Adults of the three Amara species colonize the weed patches of S. media and C. bursa-pastoris in early spring (April). Larvae should occur when S. media and C. bursa-pastoris produce seeds, but they were rarely recorded by pitfall traps at this time. This could be because they are less mobile than adults (Adis 1979) or because they were eaten by adults after falling into a trap (Holland 2002) . A close association with the period of seed shed is necessary because the seed is essential food for many Amara larvae (Jørgensen and Toft 1997 , Saska and Jarosik 2001 , Saska 2005 . The expected period of pupation of all Amara species occurred in early JuneÐ early July.
Brachinus adults arrive in weed patches in May, probably because of a prolonged stay in the overwintering sites (Wautier and Wautier 1967, Fazekas et al. 1999) . Consequently, they mostly occur just as the Þrst larvae of Amara are ready to pupate. Oviposition begins immediately after the adults arrive and continues throughout the period when the majority of host pupae are present. Trends in activity and oviposition in Czech Republic (50Њ N) are similar to those in Hungary (47Њ N; Fazekas et al. 1999) . After emergence, the Þrst instar of Brachinus starts searching for a host. No larvae were found in pitfall traps, but the predicted time of searching in Brachinus larvae coincides with the period when Amara pupae should be present. Thus, the prerequisite for existence of a hostÐparasi-toid relationship between both genera was satisÞed. Our simulations indicate that certain proportion of hatchling larvae of Brachinus start searching when all pupae of the three studied species of Amara were predicted to eclose. Such a mismatch may have resulted from the fact that a period when 70% of Amara females reproduced, although smaller proportions of the host populations continue to reproduce after this date. Consequently, pupae should be available in soil later than simulated in this paper. Moreover, other Amara species that may potentially be hosts for Brachinus larvae, such as Amara ovata (F.) or Amara littorea (C.G. Thomson), start reproducing later than the studied species (P. Saska, unpublished data). A. littorea was recently used as a host for B. explodens larva, too (P. Saska, unpublished data). The development of Brachinus is completed in late June to early August, whereas Amara pupae that escape from parasitism become adults after mid-June.
In this study, we used thermal constants and applied knowledge of the biology of both genera and Republic. For Amara, the horizontal bars represent the time windows when pupae were predicted to be present in soil. For Brachinus, the bars indicate when hatchling larvae were predicted to search for the host pupae. Julian day 200, end of sampling. meteorological records in predicting the timing of development for Brachinus and Amara. The method used demonstrated the close match between predicted and observed occurrence of teneral adults of B. explodens, which occurred shortly after they were predicted to do so. Absence of teneral B. crepitans in the pitfalls was probably due to its relative scarcity in the study plots; it composed Ͻ0.1% of the total Brachinus catch. The short delay of the observed data in comparison with the predicted data could be due to a period of several days when freshly hatched adults stay in the pupal chamber before becoming active (W. Paarmann, personal communication), or due to other environmental factors that may have been involved. For example, humidity affected the development rate in insects (Theiss and Heimbach 1994, Lundgren et al. 2005) . Its ßuctua-tion in the Þeld conditions may have altered the thermal effect on development established under laboratory conditions with rather constant humidity, although the interacting effects have not been tested yet. Further bias to the predictions also may come from omitting the searching phase of the Brachinus larva from the analysis, which is independent on temperature (Saska and Honek 2005) . This study thus illustrates the usefulness of the thermal constants for predicting the duration of insect development under the Þeld conditions. Although parasitism was not observed in the Þeld directly, the data presented in this study indicate that Amara pupae could be the natural host of Brachinus larvae in the Þeld. The main evidence for existence of this relationship is the co-occurrence of both genera and the timing of Amara and Brachinus life histories. As in other parasitoids, the synchronization was achieved by the females of Brachinus that time oviposition, so the hatchling larvae have abundant hosts for parasitation.
